Coastal vegetation is widely recognized to reduce tsunami damage, but coastal forests in large areas of the Tohoku and Kanto districts of Japan were destroyed by the tsunami after the Great East Japan Earthquake on 11 March 2011. A field survey in the affected area elucidated the critical breaking conditions of Japanese coastal pine trees and identified the regions of large-tree debris production. Most broken trees remained in the vegetated region, but scoured regions behind the sea wall or on the down-slope regions of sand dunes produced large pieces of tree debris. In contrast, the pine trees in the inland zone were found to trap much debris. This trapping function should be utilized more in future designs. A numerical model that includes the breaking phenomena of trees estimates the capacity of a coastal forest to reduce the washout region of houses by around 150 m. This is not a negligible component of the mitigation measures when a large tsunami occurs and overflows the sea embankment.
INTRODUCTION
Tsunami can cause a dreadful natural disaster. When a large tsunami reaches a shore, part of the tsunami wave is reflected offshore, but most of it runs up towards the land with increasing height and causes massive destruction to both human life and socioeconomic property both on the coast and in the hinterlands.
Mitigation, preparedness, and evacuation are representative countermeasures to protect human lives and infrastructure from natural hazards. Mitigation techniques are broadly categorized in two ways. These include artificial methods (hard solutions utilizing large embankments and tsunami gates) and natural methods (soft solutions utilizing a natural buffer zone of coastal vegetation, sand dunes, and/or coral reefs).
Although a coastal forest cannot completely stop the tsunami itself, its effectiveness depends on the magnitude of the tsunami, forest width 1) , and its vegetation structure 2) . Research on the effectiveness or limitations of coastal vegetation has accelerated since the 1998 Papua New Guinea tsunami, and the Indian Ocean tsunami on 26 December 2004 2),3),4),5),6), 7) . Author have conducted extensive reviews to determine the effectiveness and limitations of coastal vegetation in these events 8) , 9) . The tsunami caused by the Great East Japan Earthquake at 14:46 JST on 11 March 2011, which had a magnitude of 9.0 and epicenter 129 km east of Sendai, broke most of the sea walls (tsunami gates, large embankments) and caused catastrophic damage to people, buildings, and coastal forests in the Tohoku and Kanto districts of Japan. In particular, the tsunami passed through sand dunes planted with coastal vegetation (mainly pine trees) and completely washed out the houses behind the forests over 0.4-1.6 km and partly destroyed them for 1.4-5.2 km, especially in the Sendai Plain.
Several of our previous studies have discussed the effects of vegetation on tsunami mitigation based on numerical simulation results. Intensive numerical simulations were conducted on Pandanus odoratissimus, a sand dune vegetation common in the tropics, and effects of the vegetation on reducing water depth and velocity behind it have been quantitatively evaluated under many different tsunami conditions 10) . However, the effect of tree breakage was not considered in most of these studies. Yanagisawa et al. 11) performed field surveys and proposed a fragility function for mangrove trees (Rhizophora sp.) to describe the relationship between the probability of damage and the bending stress caused by the maximum bending moment that was based on the field studies. They developed a numerical model in order to investigate the tsunami reduction effect. In 2009 and 2010, authors also analyzed how the breaking of trees in a forest affects tsunami disaster mitigation effects using a numerical model based on two-dimensional nonlinear long-wave equations which calculate the breaking condition of sand dune vegetation directly considering the tsunami force and bending moment of trees 12),13),14), 15) . The damage caused by washed-out trees has already been discussed in many studies 1),2),3) . Although the study by Shuto 1) revealed well the limitations of forests in the prevention of tsunami damage, not much information is available for designing a tsunami mitigation forest. In 2007 and 2009, our laboratory examined damage in Thailand and Sri Lanka caused by the 2004 Indian Ocean tsunami and elucidated the conditions for breaking a single tree in the tropics 7), 16) . However, the breaking condition is not relevant to critical tree damage in the fringe area of a forest, especially the frontal vegetation on sand dunes 17) . There, the substrate is not hard and severe scouring occurs. As reported in our 2009 study, tree washout due to scouring is a very important process in the tree damage produced by hydrodynamic phenomena like floods and tsunamis 18) . In fact, the trees washed out by the tsunami caused by the Great East Japan Earthquake produced much debris. It is therefore very important to determine the breaking and washout condition of Japanese pine trees in the coastal zone and utilize that information to design an effective coastal forest to mitigate damage in the next large tsunami.
Therefore, the objectives of this study were to 1) investigate the breaking conditions and washout region of coastal trees on sand dunes in order to reduce the secondary damage caused by floating debris in future tsunamis, and 2) evaluate the effect of vegetation in reducing the damage to houses when severe tree-breaking phenomena occur. To fulfill these objectives, a field investigation was conducted quickly in the coastal zone of the Sendai Plain, Japan, and quantitative information on the effects and limitations of coastal vegetation was evaluated by a numerical simulation, and finally intensive review and discussions were conducted.
MATERIALS AND METHODS (1) Site and stand information
Field investigations were carried out in April and May of 2011 at thirteen sites in the tsunami-affected forests in the Tohoku area of Japan (Fig. 1) . The forest and seaside conditions were classified into three categories: washed-out embankment (WE), broken but not washed-out embankment (NW), and no embankment (NE). The representative vegetation was mainly Pinus densiflora Siebold and Zucc. and P. thunbergii Parlat. These pine trees have been used in the development of coastal forests in Japan to reduce sand movement and mitigate the wind for more than 100 years.
The tsunami water depth at each site was determined by evidence of collisions, e.g., the height of scars made by debris on tree trunks or by broken branches and water marks on the walls of damaged buildings, marks on broken roofs, or debris located on roofs.
(2) Measurements of standing, bending, or overturned tree characteristics
In 2009, authors previously classified tree breaking patterns as trunk-bending (BE), trunk-breaking (BR), overturning including the root anchorage zone (OV), and washing out (W) 18) . Similar tree breaking patterns also occurred at this tsunami event. At each site and for each breaking mode (including 'not broken (NB)'), authors measured the tree trunk diameter at breast height d BH (cm), tree height H (m), and tree density (trees/m 2 ) of 10 trees. City (N1, N2), near the mouth of the Abukumagawa River (AB1, AB2), Yamamoto Town (Y1-Y6), near the inlets of Matsukawa Lake (M), and Torinoumi Lake (T).
(3) Critical diameter for tree-trunk bending (BE), or tree-trunk breaking (BR) As authors reported in 2009, whether a tree trunk broke (BR) or a tree trunk bent (BE) in a flood depended on the nature of the tree trunk (diameter, elasticity), and tree overturning (OV) was restricted to areas where the substrate was soft or the grain size of the sediment around the tree was not large 18) . Thus, tree overturning could be assumed to be strongly affected by the substrate condition. Therefore, this quantitative study focused on the breaking condition of trunks (BE and BR). When a half of water depth is assumed as a length from ground to the action point of the drag force, the moment acting on a tree trunk or root zone is: The moment for trunk breakage, M bc (Nm), can be calculated as:
where R (m) and d (m) are the radius and diameter, respectively, of the breaking section of the tree trunk, max  is the critical bending moment of the outer fiber of the tree trunk (N/m 2 ), and I is the second moment of the area (m 4 ). If max  is assumed to be constant, the breakage condition becomes a function of d 3 and D BH 3 . In that case, K becomes a constant that is dependent on the tree species. Our laboratory investigated K in 2009 and obtained values of 2×10 6 for a hard-trunk tree (black locust, Robinia pseudoacacia) and 3×10 6 for an elastic tree (willow, Salix subfragilis) 18) . In this study, K = 2×10 6 was used for pine trees. Because the values of K for BE and BR are not very different, the same value was used for BE and BR in this study.
Combining Eq. (1) and (2),
From Eq.(3), the critical diameter for bending or breaking, D BH-Bcri (m) is related to K, C d , and Fr. In particular, the Fr at a site has large effects on the critical value. C d is assumed to be 1 if there is no debris. However, when the equation is used in an inland forest, a larger value needs to be used for C d because of the presence of debris.
(4) Numerical simulation
To elucidate the mitigating effect of a coastal forest quantitatively, numerical simulations were conducted using the model Thuy et al. 12) used, which is formulated by two-dimensional nonlinear long-wave equations (continuity equation: Eq.(4), momentum equations: Eqs. (5) and (6)) and an Sub-Depth Scale (SDS) turbulence model 19) .
where
x and y are the horizontal coordinates; V x and V y are the depth-averaged velocity components in x and y directions, respectively; t is the time; h the total water depth (h = h 0 +); h 0 the local still water depth (on land, the negative height of the ground surface);
 the water surface elevation; n the Manning roughness coefficient; and  the tree density (number of trees/m 2 ). C D-all is the depth-averaged equivalent drag coefficient considering the vertical stand structure of the trees, which was defined by Tanaka et al. 2) as: . To clarify tree breaking, the models of Tanaka et al. 15) and Thuy et al. 14) , which consider the breaking condition of tropical sand dune vegetation, were adapted to pine trees. Eq. (2) was applied to estimate the critical value for trunk breakage of pine trees. The drag coefficient is changed from 1.0 to 0.2 when a tree is judged to be broken. For more details of the tree-breaking model, see Tanaka et al. 15) or Thuy et al. 12 ),13), 14) . A set of the model equations was solved by the finite-difference method of a staggered leap-frog scheme, which is used widely in numerical simulations of tsunamis 12) . A sinusoidal incident tsunami was given as a time-dependent boundary condition at the most offshore side of the computational domain. The initial conditions were given for a waveless state in whole computational domain. In the numerical simulation, a uniform grid size of 10 m was applied. The Manning roughness coefficient n was set as 0.025 s/m 1/3 for a relatively bare rough ground. Forest length and tree density was set as the condition of the site being evaluated.
A uniform coastal topography with a cross-shore section perpendicular (x-axis) to a straight shoreline, as shown in Fig. 2 , was selected as a model case. The density of houses here was low compared with other districts, so the effect of impact force by floating debris could be considered small in this area. The offshore water depth at an additional wave-generation zone with a horizontal bottom was 200 m below the datum level of z = 0. The direction of the incident tsunami was perpendicular to the shoreline. In the present paper, the run-up of only the first wave is discussed. The width of the coastal forest was 640 m, and it started at x = 80 m from the shoreline. The forest was assumed to extend finitely in the direction of the shoreline (y-axis). The maximum tsunami water depth at the shoreline was set at 10 m, which is the average value in this area.
RESULTS AND DISCUSSION
(1) Breaking or washout condition of trees a) Equation of tree trunk bending or breaking in relation to damage to seaside embankment In our study of a river flood, trunk breaking (BR) seldom occurred during the flood, but bending (BE) did 18) . However, in the case of the tsunami, BR was observed when the sea embankment was washed out or when there was no sea embankment. BR is assumed to be due to strong inertia force or the impact force of floating debris. calibrated coefficient of Fr 2 was 0.8-1.1, when the embankment was washed out, it was 0.7-1.0, and when the embankment was not washed out, it was 0.4-1.1. The maximum value was not much changed, but the minimum value shows a decrement due to the existence of a sea embankment. Without an embankment or with a washed-out embankment, additional forces, such as the force of impact, may affect the tree breakage condition, especially in the front region of the coastal forest in this study. More study of the change in tsunami conditions is needed on this point.
In 2006, authors conducted tree-breaking tests in situ using small diameter trunks or branches and showed the breaking moment curve of representative tree species in the tropics 20) . Although the breaking tests were conducted in Sri Lanka before the 2006 Java tsunami 16) , the breaking condition agreed well with the actual damage later observed at the sites of the Java tsunami 7) . Thus, information about critical tree trunk breakage conditions may also to be useful to estimate the velocity of a tsunami from Eq.(3).
Dr. Sasaki and I also investigated forest damage conditions after the 2004 Indian Ocean and 2006 Java tsunamis, and found that the threshold of tsunami water depth at which a tree trunk broke was about 80% of the tree height for P. odoratissimus 16) . However, the region investigated was close to the coast and the Froude number range was assumed to be small, so the velocity effect was not included in the critical condition and use of the equation was limited. The present study clearly shows that the breaking condition is related to the drag coefficient and Froude number. Eq.(3) is useful not only for designing a coastal vegetation belt capable of mitigating tsunami energy but also for designing an inland forest that traps debris. The substrate of an inland forest may be stronger than that of a sand dune, so tree-trunk damage (BE or BR) rather than overturning (OV) can be assumed to be the dominant phenomena.
Further study of the equation for overturning is needed because substrate and root anchorage conditions are closely related to this breaking phenomenon 21) . b) Washout condition of trees Fig. 4 shows the regions scoured by flow overtopping the embankment. Along the coast, large regions were scoured by the tsunami, as shown in Fig. 4a , and therefore many trees were washed out. Along the river, where the tsunami intruded and overtopped from the river, a large scoured region (20 m long in the direction of the tsunami overtopping current) was also formed on the right-side embankment of the Abukumagawa River ( Fig. 4b) . The current also washed out houses along the river. The length of the scoured region behind an embankment or steps was distinctly different depending on whether the overtopping water depth from the top of the embankment was larger than the embankment height from the ground or not. Even when the overtopping depth was relatively less than the height of the embankment, a large scoured region was formed. Trees that had been planted in this zone produced floating debris. Therefore, it is very important to elucidate the size of scoured regions under different tsunami conditions and soil strengths in the future. The disadvantage of a coastal forest that produces floating debris was pointed out in previous studies 1), 3) , but the scoured region was restricted mainly to behind the coastal embankment and down-slope areas on sand dunes. The pattern of uprooting was related to the strength of the substrate, and uprooting was most commonly observed at the front line of the vegetation 2) , but the region scoured by this tsunami was very large. Further studies on the conditions for breaking or uprooting of pine trees with real-scale breaking or uprooting tests like those of Tanaka et al. 22) and Samarakoon et al. 21) are recommended. simulations. However, not many studies have been conducted on pine trees on a real scale, so the studies using the data in this Japanese tsunami will be indispensable for designing future tsunami mitigations. Fig. 5 shows a comparison of the numerical simulation data with the observed tsunami characteristic (maximum water depth). In this figure, three simulation results are shown; using a non-breaking model in which C d is set at the before-the-tsunami condition of 1.0), a non-breaking model (in which C d is estimated in the after-the-tsunami condition by the ratio of broken trees to all trees of 0.24), and a breaking model (in which C d is changed with time: when a tree is judged 'broken', the value is reduced from 1.0 to 0.2). From the results, the breaking model can be seen to reflect the tsunami water marks well. Thus, the effectiveness of our model 15) was validated for this actual tsunami. 23) . For the fluid force index (F cr ), the study by Hatori 24) showed that most houses were washed out when F cr exceeded 100 (m 3 /s 2 ), and one-third of houses were lost when F cr was around 15 (m 3 /s 2 ). Based on the washout situation observed at the present study site and the simulation result, the M cr values for 33% and 0% washout were 91 (m 4 /s 2 ) and 51 (m 4 /s 2 ), respectively. This is similar to the value that Takahashi et al. 23) reported in 1985. Moreover, F cr values for 33% and 0% washout values were 36 (m 3 /s 2 ) and 24 (m 3 /s 2 ), respectively, which is slightly larger than the figures of Hatori 24) . Based on a comparison of Cases 1 and 2, the vegetation could be assumed to decrease the washout region by around 120-160 m. On the other hand, an embankment could reduce the washout region by 640 m. At this site, the effect of an embankment is assumed to be small because sand dunes also played a role in reducing the overtopping flow in places where there was no embankment. From the results, the vegetation effect is not large in comparison with the effect of the embankment, but it is not negligible either.
Tree damage is directly related to the tsunami force, but the effects of breaking on numerical simulation results were not directly discussed in previous studies except for a study authors published recently 13),14), 15) . Authors' numerical model which includes tree breaking was validated with field measurement data on the threshold water depth for tree breaking, then breaking length, and finally reduction of water depth. The study elucidated that (1) the tsunami moment is decreased from front to back due to the decrease in water depth inside the vegetation, and (2) the rates of reductions in water depth and tsunami force increase when the incident tsunami water depth exceeds the initial breaking moment. This study also demonstrated that the breaking phenomenon decreases the effect of vegetation, but it also has some role in reducing the fluid force and moment by drag force when trees are not washed out. Therefore, construction of a bioshield in an appropriate area (a region that will not be scoured) is very useful for mitigating the disaster caused by an extremely large tsunami that overflows or destroys an embankment.
(3) Forest structure for mitigating future tsunamis Authors previously indicated the importance of the stand structure of a forest 2) . Tree growth and forest density can have a significant effect on tsunami mitigation because trees with larger trunk diameters require more space between them to grow (i.e., tree density is lower). The United Nations Food and Agriculture Organization (FAO) 25) pointed out that active forest management is required to produce stands of variously-aged trees with a range of sizes and with branches at all levels in order to enhance the potential for mitigation, particularly in smaller tsunamis. Therefore, it is necessary to consider tree characteristics, such as self-thinning (which decreases density) and changes of tree crown height. The present study further suggests that the damage itself has a close relationship to tree trunk diameter. Therefore, it is very important to estimate the force necessary to break a tree trunk at different tree growth stages in a forest. If a tree does not break, it has some possibility to trap debris. The trapping effect of trees was also confirmed in many places at this Japanese tsunami, as shown in Fig. 7 . Considering the other roles that coastal vegetation plays, i.e., trapping debris, providing something to climb to escape, or as a soft-landing place for washed people 1),2), 20) , it was recommended that a two-layer buffer forest with different stand structures be planted and conserved near the coast, with P. odoratissimus and Casuarina equisetifolia grown on the shore and other broad-leaved trees grown behind (inland) this buffer forest 2) . The effectiveness of a two-layer buffer forest in a tsunami was confirmed by numerical simulations using a tree-breaking model 14) . This idea also can be applied in the coastal region of Japan, even though the tree species are different. In Japan, a forest of pine trees is sometimes difficult to keep in a healthy condition, so a combination of pine trees with other coastal trees is supposed to be effective from the point of view of tsunami energy dissipation, trapping debris, and maintenance of the physical strength of a forest. Appropriate planning and maintenance are recommended to maintain the physical strength of forests in the future. Even at the same diameter, some trees in an inland forest are not necessarily broken by a tsunami and can trap debris, depending on the velocity and Fr condition. If an inland forest is constructed on an embankment, it becomes a stronger shield for trapping debris because the moment acting on the tree becomes small, as shown in the schematic in Fig. 8 . If the forest is wide enough, it also acts to reduce tsunami energy.
The tsunami inundation pattern was very complex in the tsunami caused by the Great East Japan Earthquake. Moreover, a gap in a coastal forest was reported to increase risks and potential damage behind the forest 17) . Gaps in sand dune vegetation are due to natural or artificial causes, such as roads for access to a beach or for sand mining, the mouths of rivers, and mangrove channels opening onto the sea 25) . The water flow through the gaps is accelerated as it moves into the constriction 12),17), 25) . The area behind a coastal forest is still protected from a tsunami 12), 25) , but gaps increase the hazards behind the gap. Because it is not realistic to consider a coastal forest without any gap in the barrier, careful planning is required in the design of an actual coastal forest to incline the gap direction away from the direction of the tsunami current or to stagger it to reduce the water velocity as it passes through the gap 12) . A river mouth is a kind of open gap, and the tsunami's intrusion into a river caused overtopping from the river embankment (Fig.4b) . Moreover, river mouths were sometimes difficult to close even when they had tsunami gates. In some cases, a tsunami gate was present, but the tsunami overflowed heavily from the sea embankment anyway. In addition, many workers who were supposed to operate the tsunami gates were killed by the tsunami event. Although there are some remote control systems to close the gates, it should be introduced more in the future.
CONCLUSION
This investigation of the area affected by the Great East Japan Earthquake on 11 March 2011 shows the effectiveness and limitations of a coastal forest. A critical diameter equation for tree-trunk bending or tree-trunk breaking was derived considering the physical mechanics. Most broken trees remained in the vegetated region; however, large pieces of tree debris were produced from scoured regions behind the sea wall, or on the down-slopes of sand dunes. In contrast, the pine trees in the inland zone were found to trap much debris. This trapping function should be utilized more in future designs. In addition, a numerical simulation estimated the effects of a coastal forest and embankment on reducing the washout region of houses by around 150 m and 640 m, respectively. The effect of vegetation is small compared to that of the embankment, but it is not negligible in the mitigation when a large tsunami arrives and the sea embankment overflows.
